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INTRODUCTION
The Quaternary System encompasses the last 2.588 million years of Earth's history, and has been characterized by glacial-interglacial cycles represented by the waxing and waning of ice sheets, most notably in the Northern Hemisphere (Pillans and Naish 2004 , Head et al. 2008 , Gibbard et al. 2010 . Besides affecting terrestrial environments due to changes in patterns of atmospheric circulation and moisture supply, latitudinal displacement of ecosystems and cooling, another important effect of these cycles has been the oscillations of sea-level (eustasy). Although regional isostasy, faulting and uplifting in coastal areas also play an important role in relative sealevel changes, the oscillations are directly linked to variations in the volume of the ice sheets, thus variations in the ratio of oxygen isotopes ( 16 O/ 18 O) in microfossils and gases recovered from deep-sea and ice cores are used as proxies for changes in sealevels, by assuming a relationship between these ratios and the ice volumes.
Despite being recognized in coastal areas all around the globe since the XIX century (e.g. Darwin 1846), direct, reliable and well-preserved indicators of past sea level highstands older than the Pleistocene marine transgression of ~125 ka BP correlated to marine isotope stage (MIS) 5, are relatively scarce throughout the globe. While oxygen isotope curves obtained from benthic foraminifera are used as indirect evidence of sea level oscillations through correlation with past ice volumes (Imbrie et al. 1984 , Pisias et al. 1984 , Martinson et al. 1987 , Berger 2008 , direct records in coastal areas are represented by paleoshorelines that contain datable geomorphological features such as raised terraces, wave-cut notches and aeolianites (Pirazzoli et al. 1991 , Hearty and Kindler 1995 , Barreto et al. 2002 as well as other materials such as corals, vermetids or speleothems (Gallup et al. 1994 , Angulo et al. 1999 , 2006 .
In the Brazilian coast, the Holocene highstand of ~6-5 ka BP (MIS 1) is well-represented by several deposits, despite of some discrepancies regarding their timing and amplitude (Martin et al. 2003 , Angulo et al. 2006 . Good records of the transgression correlated to MIS 5 are found in some areas (Poupeau et al. 1988 but the situation is complex for older transgressive events; so far, only the northeastern Brazilian coast has provided features recognized as having been formed by the marine transgression during MIS 7 (Barreto et al. 2002 , Suguio et al. 2011 ). In the Coastal Plain of the state Rio Grande do Sul (CPRS), in southern Brazil, records of sea level oscillations prior to MIS 5 were reported from microfossils in drilling cores (Closs 1970 , Carreño et al. 1999 ) and geomorphological features (Poupeau et al. 1988 , Villwock and Tomazelli 1995 , Tomazelli et al. 2000 .
The absolute chronologies and amplitudes of past sea-level oscillations in the coast of Rio Grande do Sul, however, are not well defined yet. This problem arises from the fact that most of the geomorphological units formed by sea-level highstands represent the aeolian facies of coastal barriers; these deposits are usually reworked by erosion, aeolian deflation and/or vegetation growth. In addition, the CPRS is composed essentially of siliciclastic sediments, devoid of consolidated structures that could contain paleo sea-level indicators such as vermetids or erosion notches, therefore the most reliable sea-level indicators would be found in well-preserved deposits representing the shallow marine facies of the barrier systems. These facies, however, are mostly covered by younger sediments and coastal lakes; so far, the ~125 kaold Barrier System III is the only Pleistocene unit whose marine facies is well-preserved and exposed .
This study presents a description of the shallow marine facies of the Barrier System II, from outcrops found in the southern sector of the CPRS, with information regarding the amplitude and chronology of the marine highstand that was responsible for the origin of this depositional system. Correlations with other deposits and paleoclimatic inferences from fossils and sedimentary features are also presented.
GEOLOGICAL SETTING
The CPRS (Figure 1 ) is located in the southernmost portion of the Brazilian coast. This geomorphological unit is about 620 km-long and 100 km-wide, located between the latitudes 29°18'31"S and 33°43'17"S, and it is the SEA-LEVEL HIGHSTAND DURING MIS7 IN SOUTHERN BRAZIL uppermost portion of the Pelotas Basin, the southernmost marginal basin of the Brazilian coast. This basin is composed of terrigenous siliciclastic sediments eroded from older geological units located landwards, accumulated in the coastal area since the split between South America and Africa in the Late Cretaceous; its maximum thickness is of approximately 10,000 meters (Closs 1970 , Bueno et al. 2007 , Barboza et al. 2008 . During the Quaternary, sea-level oscillations correlated to glacial cycles reworked the uppermost sediments of the Pelotas Basin, as evidenced by facies changes and microfossil assemblages recovered from drilling holes (Closs 1970 , Carreño et al. 1999 .
The first systematic geological survey of the CPRS was presented by Delaney (1965) , who followed the classical lithostratigraphy and proposed the name "Itapoã Formation" for the aeolian deposits found along the coastal plain, while the marine deposits were named "Chuí Formation"; these units were considered of Quaternary age because they overlay the Tertiary "Graxaim Formation". During the 1980s, new geological surveys led to a revision of the geology of the CPRS, and it became clear that the units grouped together as "Itapoã" and "Chuí" formations were in fact several distinct units deposited during different time intervals in response to distinct marine transgressions.
The new surveys led to the replacement of the classic lithostratigraphic scheme of Delaney (1965) by the concept of depositional systems formed by chronocorrelated facies and facies associations (Tomazelli and Villwock 2005) . Following this scheme, the CPRS consit of an Alluvial Fans System (the former "Graxaim Formation") of MiocenePliocene age (Closs 1970) and four barrier-lagoon depositional systems, each one correlated to a sea level highstand during a Quaternary interglacial period (Villwock and Tomazelli 1995) . The Pleistocene marine highstands are recognized mostly by the aeolian facies of the barrier systems; deposits that represent the marine facies of these systems are usually covered by younger sediments. Precise indicators of paleo sea-level highstands are scarce in these coastal barriers; the only reliable records of Pleistocene sea levels known so far are ichnofossils Ophiomorpha nodosa preserved some 5 to 7 meters a.s.l. in shallow marine facies of the Barrier System III .
The southernmost portion of CPRS is dominated by two Pleistocene (II and III) and one Holocene (IV) barrier-lagoon systems. Each system was chronologically correlated by Villwock and Tomazelli (1995) to the calibrated δ 18 O curves of Imbrie et al. (1984) , therefore attributing ages of ~450 ka (MIS 11) for system I, ~325 ka (MIS 9) for system II, ~125 ka (MIS 5) for system III and ~6 ka (MIS 1) for system IV. TL datings on sandstones exposed on the shoreline beneath the Holocene sediments of the Barrier IV System provided age of 109 ± 7.5 ka BP, reinforcing the proposed age for Barrier System III (Buchmann and Tomazelli 2003) .
BARRIER SYSTEM II
This system is well-represented along the southern sector of the CPRS, stretching almost continuously for more than 200 km in the same SW-NE orientation of the coastline. The only important interruption is in the area of Taim, where a negative gravimetric anomaly suggests the existence of deformation features in the underlying bedrock, formed during the opening of the South Atlantic (Rosa et al. 2007) . Only a small portion of this barrier is preserved in the northern area of the CPRS (Poupeau et al. 1988, Villwock and Tomazelli 1995) .
The aeolian deposits of this system reach up to 25 meters above present sea-level and are composed of siliciclastic, well-sorted fine to medium quartz sand with feldspars, iron oxide crusts and nodules, diagenetic clays and small amounts of organic matter. The primary sedimentary structures have been obscured due to diagenetic processes, but the physical properties of the grains clearly indicate aeolian deposition (Villwock and Tomazelli 1995) . SEA-LEVEL HIGHSTAND DURING MIS7 IN SOUTHERN BRAZIL The low topographic area located landwards of the barrier is occupied by a large water body (Mirim Lake). The barrier gently dips seawards, where it is covered by younger sediments of the Barrier-Lagoon System III. The only area known so far where the shallow marine facies of the barrier outcrops is along the Chuí Creek, near the town of Santa Vitória do Palmar (Figure 2a ). This fluvial system flows in a NE-SW direction until the town of Chuí, where it turns SE following the Chuí faulting zone. The creek was a shallow water course that was further deepened in the early 1960s to drain the surrounding wetlands and provide area for agriculture.
STRATIGRAPHY OF THE SHALLOW MARINE FACIES
The deepening of the creek exposed at the base of the banks a layer of marine sediments; these are beneath a terrestrial sequence formed by paleosoils, fluviolacustrine facies that contain remains of Pleistocene mammals (Figure 2b , c) and silty loam of loessic orgin (Lopes et al. 2009 . The first stratigraphic description of the deposits exposed along Chuí Creek was presented by Soliani (1973) , who correlated the marine sediments to the "Chuí Formation" of Delaney (1965) and assigned the overlying fossil-bearing strata to a new unit which he called "Santa Vitória Formation".
Under the new concept adopted since the 1980s, these marine sediments are recognized as the marine facies of Barrier II. These sediments constitute the uppermost portion of the highstand systems tract of the Barrier System II (HST 2 ) according to the stratigraphic scheme proposed by Rosa (2012) , while the overlying sediments are part of the Lagoon System III.
This facies is composed of fine, well-sorted siliciclastic sand with some amounts of biogenic carbonate, heavy minerals, muscovite and some minerals of terrigenous origin. Primary sedimentary structures are well-represented by cross and parallel stratifications (Figure 3b, c) . The presence of erosion surfaces, ichnofossils and denselypacked shell concentrations (see below) suggests the occurrence of storm events. The sedimentary structures and ichnofossil content indicate that this facies was deposited under similar conditions (upper shoreface-foreshore) of the Facies B described from the Barrier System III .
The ~2 meter-thick marine layer exposed along the banks of the creek clearly indicates a sea-level rise, but from the base to the top portion of the layer there are no visible faciological changes. In a shallow slope coast such as the one of Rio Grande do Sul (between 0.03° and 0.08°; Dillenburg et al. 2009), a sea-level rise would result in increased depth and lateral migration of facies, therefore the lower shoreface (finer) sediments would be deposited on top of upper shoreface (coarser) sediments. The absence of fine sediments in the marine facies and the persistence of shallow marine conditions throughout the exposed portion of the sequence, however, show that there were no faciological changes despite of sea-level rise. This suggests that sea-level rise was accompanied by high sedimentation rates, which resulted in aggradation of the coastline, followed by sea-level fall and progradation.
The presence of terrestrial deposits on top of the shallow marine sediments indicates that this system evolved as a progradational (regressive) barrier, also indicated by GPR data (Rosa 2012). At least three types of contact between the marine facies and the overlying terrestrial sediments have been identified (Figure 3 ). One is characterized by paleosoils developed directly on top of the shallow marine facies, with root traces, mud-filled root cavities and usually mottled by iron oxide (Figure 3a) , and sometimes aeolian deposits are also found on top of the marine sediments (see Figure 3c ). Another type of contact is fluvialconcordant (Type I, Figure 3b ), characterized by massive sand layers containing mud intraclasts The horizontal surfaces and truncated Rosselia indicates erosion by storm events. RENATO P. LOPES et al. and mammalian remains; the absence of erosive surfaces indicates a gradual transition from marine to fluvial environments. This type of fluvial system was probably established when regional base level was still high, before sea-level had fully retreated after the marine highstand. The third type of contact is fluvial erosive (Type II, Figure 3c ), visible along the banks as 30 to 40 cm-thick and up to 7 meters-long dark brown sand lenses. The lenses contain vertebrate fossils and mud intraclasts, and are interpreted as oxbow lakes (Lopes et al. 2009 ). At least five of these lenses have been observed so far along the banks, and the contact with the underlying marine sediments is erosive, indicating that this type of fluvial system was formed at a time when the regional base level was lowered, i.e., when sea-level had fully retreated. One dating by thermoluminescence (see below) reinforces this interpretation.
FOSSIL CONTENT
Until recently, only ichnofossils had been found in the marine facies (Lopes et al. 2001) . The most conspicuous ichnofossil is Ophiomorpha nodosa, consisting of pellet-lined vertical shafts and horizontal galleries (Figure 3d ), produced by thalassinidean crustaceans. This ichnofossil is regarded as an indicator of shallow marine conditions (Frey et al. 1978 , Pollard et al. 1993 , and is also common in the marine facies of the Barrier System III (de Gibert et al. 2006, Tomazelli and . Another type of ichnofossil is Rosselia sp. (Figure 3e ), produced by terebellid polychaetes in shallow marine settings (Nara 2002). These traces are usually spindle-shaped vertical galleries, but the ones found in Chuí Creek are conical-shaped and usually nested within each other, which suggests that were truncated by storm events. Both Ophiomorpha and Rosselia are found from the lower to the upper level of the marine facies.
The only body fossils found so far in the marine facies consist of molluscan shells, ostracod carapaces and foraminiferal tests, forming at least four denselypacked concentrations (Lopes and Simone 2012, Lopes et al. in press) . These concentrations consist of marine, mostly shallow-living infaunal bivalves, and include complete, well-preserved specimens and small, rounded and unidentifiable fragments. Because the four concentrations outcrop at the same stratigraphic position, contain essentially the same taxa and exhibit the same pattern of preservation, it is assumed that they represent a single isochronous taphocoenosis (Lopes and Simone 2012) .
The association between complete shells, including articulated bivalves and ostracodes, and smaller, much abraded fragments, seems to indicate that a storm event was responsible for the deposition of this assemblage. Vertical shafts of O. nodosa were observed crossing one of the shell concentrations (Lopes et al. 2013 ). The ostracods have not been described yet, but the foraminiferal assemblage is dominated by Ammonia beccari forma tepida, followed by Buccella peruviana and Elphidium discoidale, in addition to a few individuals of other genera; the composition of the assemblage indicates the influence of warm coastal waters (Lopes and Bonetti 2012) .
Marine shells have also been collected from drillholes made for the installation of wind turbines ( Figure 4 ) at depths of up to 5 meters below mean sea-level (m.s.l.). The shells are mostly broken, but complete and even articulated and closed bivalves of the genus Corbula are found; bivalves are dominant over gastropods. The preserved molluscan species are mostly the same found in Chuí Creek, (Lopes and Simone 2012, Lopes et al. 2013 ). In addition, some molluscan taxa that have not been found in the creek, such as the bivalves Corbula cf. dietziana, C. patagonica, Tellina petitiana and Olivella tehuelche, plus echinoid and cirriped remains ( Figure 4) were also recovered from the drillholes. The echinoids is probably Mellita quinquiesperforata or Encope emarginata, species that are found both alive and as fossils along the CPRS (Lopes 2011) . Along the SEA-LEVEL HIGHSTAND DURING MIS7 IN SOUTHERN BRAZIL creek, the shells occur as densely-packed, stormgenerated accumulations, while the specimens from the drillholes, are mostly isolated and dispersed within the sandy matrix. Foraminifers Ammonia beccari and Elphidium discoidale were also found among sediments retrieved from the drillholes, but are very scarce.
The shells found in Chuí Creek are at 7.5 meters above present-day m.s.l., while in the drillholes shells were found at depths ranging from present-day sea level to up to ~5 meters above m.s.l (Figure 4) . The sedimentary matrix containing the shells is essentially the same in all drillholes (fine sand with marine macro-and microfossils, about 10% of heavy minerals and biogenic carbonate), therefore it seems to indicate the seawards continuity of the marine facies of the Barrier II. Nevertheless, it is also possible that the shells found underneath Barrier III may represent a marine facies deposited by the transgression that formed this unit (see Figure 2b ), because this barrier seems to have had a transgressive behavior in the southern CPRS (Rosa 2012 , Lima et al. 2013 . The stratigraphic data from the drillings are inconclusive, however, because R-Noetia bisulcata, S-Plicatula gibbosa, T-Ostrea sp., U-Crassostrea rhizophorae, V-Olivella tehuelche, W-Olivancillaria urceus, X-unidentified echinoid, Y-cirriped. Below: west-east transect from Barrier II to the shoreline, showing the location and depth of the drillholes (black bars); white bars indicate depths at which shells were found (dashed lines are hypothetic contacts between facies, topographic profile is from SRTM data). RENATO P. LOPES et al. even though the techniques employed allows the identification of facies changes, it does not enable the visualization of the contacts between facies.
TIMING AND AMPLITUDE OF THE MARINE HIGHSTAND
The only absolute ages obtained so far for the Pleistocene deposits of the CPRS were from the Barrier System III (Poupeau et al. 1988, Buchmann and Tomazelli 2003) . As an attempt to establish a more precise chronology for this marine highstand, fossil shells and mammalian remains were dated by electron spin resonance (ESR), and sediments extracted from the marine and overlying terrestrial beds exposed along the creek, were dated using thermoluminescence (TL).
The ESR ages for mammalian fossils from Chuí Creek provided ages of 226 ± 35, 42 ± 3, 38 ± 2 and 34 ± 7 thousand years (Lopes et al. 2010, in press ). The ~226 ka-old sample was collected at the lowermost portion of the fossil-bearing layer, just above the marine sediments. Its age, being much older than previously estimated for the fossil assemblage (e.g. Lopes et al. 2009 ), raised the question of whether the marine facies below could represent a transgression younger than MIS 9 (about 325 ka BP), which was originally proposed by Villwock and Tomazelli (1995) .
As an attempt to test this assumption and refine the regional chronostratigraphy, fifteen molluscan shells, plus another six mammalian teeth from the fluvial facies were also selected for dating using ESR. The shell specimens were collected from three storm-generated concentrations exposed at the lower portion of the shallow marine facies. The results points to an age close to 235-238 ka for the shells (Lopes et al. in press) , an estimate consistent with the the TL ages obtained from the overlying sediments. The mammalian teeth provided ages between 80±10 ka and 42±3 ka, also consistent with the previous ESR datings (Lopes et al. 2010) .
In addition to ESR datings, four sediment samples were collected for age determination using TL dating. One sample was collected from the shallow marine facies, about 1 meter below the marine-continental transition (Figure 5a ), and another was extracted from fossil-bearing aeolian sediments located ~1 meter above, at the basis of the continental sequence (Figure 5b ). The two other samples were also collected from the continental unit, but in different points along the banks. One was extracted from a fossiliferous dark sand lens which represents one fluvial-erosive facies ( Figure  5c ), and the other was collected from paleosoils positioned about 0.5 m above the top of the marine facies (Figure 5d ).
The TL ages were determined using the multiple aliquote regeneration (MAR) protocol. The sediments from the shallow marine facies provided an age of 235.5 ± 23.5 ka BP, and the sediments collected near the mammalian fossils provided an age of 214 ± 21 ka BP. The sample from the fluvial facies was dated as of 173 ± 22 ka BP, while the sample from the paleosoil provided an age of 132 ± 18 ka BP, respectively ( Figure 5 ).
The altimetric data were obtained with Total Station, using as reference a nearby geodetic reference level (RN1968U, 33°36'03"S / 053°19'54"W), complemented by digital elevation models of the Shuttle Radar Topography Mission (SRTM). The results show that the contact between the marine and continental sequences observed along the creek (see Figure 2 ) is nearly 9.5 meters a.m.s.l. Subsurface features detected with ground-penetrating radar (GPR) surveys between Barrier Systems II and III show that the height of this contact vary between ~12 and 8.5 meters a.s.l. (Rosa 2012), therefore the estimated mean amplitude of this marine highstand is of ~10 ± 1 meters a.m.s.l.
DISCUSSION

AMPLITUDE OF THE TRANSGRESSION
The thickness of the marine facies is estimated in at least 11 meters based on the presence of mollusk shells in the drillholes. The marine facies SEA-LEVEL HIGHSTAND DURING MIS7 IN SOUTHERN BRAZIL of the Barrier System II described here is the first paleo sea-level indicator older than MIS 5 with good stratigraphic control and associated datings found in the CPRS. The obtained data improve the Pleistocene-Holocene sea-level curve for southern Brazil (Figure 6 ). The estimated amplitude is about 6±1 m a.s.l for the MIS 5 highstand , and 4±1 m for the Holocene highstand (Martin et al. 2003 , Angulo et al. 2006 , Caron 2007 . Although Villwock and Tomazelli (1995) estimated amplitudes between 18 and 24 meters a.s.l for this transgression, based on terraces cut along the western margin of Mirim Lake and Patos Lagoon, the sedimentary record suggests a lower amplitude. A comparison among paleo sea-level records found around the globe show that estimates of the amplitude of highstands during MIS 7 are highly variable (Table I) , but are below the values found for the Barrier System II. While some data indicate that the sea level during that interval did not reach amplitudes comparable to present mean sea-level (Dutton et al. 2009 , Bard et al. 2002 , Schellmann and Radtke 2004 , other records indicate sea levels equal or slightly above the present one (Bezerra et al. 1998 , Vesica et al. 2000 . This variability is likely to be caused by different dating methods employed (U/ Th series, ESR), by differences among dated materials (corals, vermetids, shells, sediments) and by the tectonic history of each site, as is the case for Holocene deposits in northeastern Brazil (Barreto et al. 2002 , Suguio et al. 2011 ). Moreover, it shows that it is not possible to establish a single global sea-level curve for any specific time interval based solely on stratigraphic records. The
O/ 18
O ratio (δ 18 O) obtained from tests of benthic foraminifera have been used as a proxy for global sea-levels because the isotopic composition of ocean water is considered to be covariant with ice volumes (Shackleton 1967 , Shackleton and Opdyke 1973 , Imbrie et al. 1984 , Mix and Ruddiman 1984 , Martinson et al. 1987 . This relationship, however, is not straightforward, because the isotopic composition of the tests is also affected by ocean water temperature, salinity and isotopic composition (Goy et al. 2006 , Siddal et al. 2007 ).
Most paleo sea-level records worldwide indicate that the amplitude of the MIS 7 highstand was equal or much lower than that of MIS 5. Along the Patagonian coast of Argentina, for example, the absence of features correlated to MIS 7 indicates that the MIS 5 highstand reached similar amplitudes, therefore eroding the older deposits (Rostami et al. 2000) . The eastern South America coastline is a passive margin, characterized by trailing-edge coasts, thus considered stable in terms of large-scale tectonics. Nevertheless, there are evidences of tectonic processes related to the opening of the Atlantic Ocean during the Tertiary and possibly during the Quaternary. The most conspicuous evidences of neotectonics are found in the southeastern and northeastern portions of the Brazilian coast (Suguio and Martin 1996 , Bezerra et al. 1998 , Barreto et al. 2002 , where deposits correlated to MIS 7c positioned between 1.3 and 7.5 meters a.s.l (lower than the 11 to 20 meters a.s.l. terraces of MIS 5) are considered to represent downfaulted blocks. Although Delaney (1962) proposed that the coastal barriers of the state of Rio Grande do Sul were formed by vertical tectonic movements, the southern Brazilian coast has been regarded as tectonically stable, which favored the development of the large barrier-lagoon systems in response to the Quaternary sea-level oscillations (Villwock and Tomazelli 1995) .
One possible explanation for the discrepancy between the highstand in southern Brazil and other records worldwide could be the uplifting which resulted from large-scale processes affecting the South American plate. The westwards movement of the plate would result in crustal thickening and vertical thrusting and uplifting along the eastern coast of South America due to horizontal compression (Pedoja et al. 2011) . Pedoja et al. 2011 also observed that uplift rates estimated from deposits correlated to MIS 5 decrease from south to north, which could be related to differences in elastic thickness between the Patagonian Massif and the Brazilian Shield. By assuming an altitude of 6 to 8 meters a.s.l. for the highstand of ~125 ka BP in Rio Grande do Sul an estimated uplift rate of 0.06 mm/yr is obtained; if this value is extrapolated for MIS 7 (considering an age of ~220-230 ka for the maximum highstand, see below) it would result in an amplitude of ~13-14 meters a.s.l., higher than the observed record. The estimated amplitude of ~10 meters for the MIS 7 highstand may indicate that if the southern Brazilian coast has been subject to vertical movements since the middle-late Pleistocene, the uplifting rates have varied through time. SEA-LEVEL HIGHSTAND DURING MIS7 IN SOUTHERN BRAZIL Despite of the apparent discrepancies between the amplitude of the MIS 7 transgression and the oxygen isotope curves, the latter are regarded as reliable indicators of the timing of glaciation-driven marine highstands/lowstands. The available curves show that MIS 7 is characterized by three substages, 7e, 7c and 7a, from older to younger (Imbrie et al. 1984) , each one marked by an isotopic event peak (7.5, 7.3 and 7.1, respectively). The curves show that the highest peaks usually occur at the beginning of the interglacials (Figure 7) , and are followed by progressive fall punctuated by minor oscillations (Hodell et al. 2000) . Although sea-level variations seem to mirror this pattern, the amplitude of the highstands are influenced not only by variations in ice volume, but probably also by the isostatic response of the shelf to increasing water load, which will vary in function of mantle rheology, of the amount and rate of meltwater discharged into the oceans and of the geometry of the coastline (Lambeck et al. 2012) . Both TL and ESR ages presented here indicate that Barrier System II was formed by the marine transgression correlated to MIS 7. The age of ~235-238 ka of the shells is consistent with warmer than present marine conditions (see below) recorded for the isotopic event 7.5 (Figure 7b ), and also with most accepted ages for the MIS 7e marine highstand, from 237 to 228 ka BP (Robinson et al. 2002 , Goy et al. 2006 , Dutton et al. 2009 ).
The lowest δ 18 O values during MIS 7 for the Atlantic (Figure 7a ) and Pacific oceans, derived from several deep-sea cores (Lisiecki and Raymo 2009), are correlated to the isotopic event 7.5; some paleo sea-level records ( Table I ) also indicate that the highest amplitude of sea-level was reached around this time (Lea et al. 2002) . Other records, however, correlate the highest peak to the event 7.3 (MIS 7c, Barreto et al. 2002 , Waelbroeck et al. 2002 , Suguio et al. 2011 or to the event 7.1 (MIS 7a, Gallup et al. 1994 , Hearty and Kindler 1995 , Goy et al. 2006 . The ESR age of ~226 ka BP from a tooth of the extinct mammal Toxodon collected from a Type 1 fluvial facies at the marine-terrestrial transition exposed along Chuí Creek (Lopes et al. 2010) indicates that sea-level was already falling around this time, which would be consistent with the end of MIS 7e, around 228 ka BP (Robinson et al. 2002) . The absence of erosional features indicative of fluvial incision, which is expected if regional base level was lower than the fluvial system (Catuneanu 2006, Holz 2012), indicates that sea-level was still relatively high between 235 and 214 ka BP. The TL age obtained from the fossil-bearing aeolian sediments above the marine-terrestrial transition indicates that sea-level had fully retreated around ~214 ka BP, and around ~207 ka BP it was already below the present level, based on an ESR age of a mammalian tooth from the continental shelf (Lopes et al. 2010) . The TL age of ~173 ka BP from the dark sand lens, interpreted as a meandering fluvial system that incised the underlying marine facies due to lowered regional base level, is also consistent with an interval of lower sea-level.
Substages 7e and 7c are separated by a return to almost full glacial conditions (isotopic event 7.4) around 220 ka BP, indicated by the increase in δ
18
O values and decrease in temperatures (Hodell et al. 2000, Lang and Wolff 2011, Figure 7a, b, c) which are likely to represent ice expansion and consequent sea-level fall. The absence of marine sediments in the upper levels of the banks of Chuí Creek indicate that sea-level did not reach similar amplitude during MIS 7c or 7a, despite the return to interglacial conditions during these substages.
PALEOCLIMATIC INFERENCES
MIS 7 is marked by three oxygen isotope peaks, with the oldest (substage 7e) considered to be characterized by fully interglacial conditions, while the following substages (7c and 7a), although weaker, are also considered full interglacials according to some records (Lang and Wolff 2011). The transition from MIS 8 to MIS 7 (Termination III) occurred around 250 ka BP, and full interglacial conditions were reached around 237 ka BP (Robinson et al. 2002 ).
Some of the fossil mollusks found within the marine facies indicate paleoclimatic conditions different than the present ones in the CPRS. The presence of four bivalve taxa (Anomalocardia brasiliana, Arcinella brasiliana, Chione cancellata and Chione paphia) that today inhabit only warmer waters in areas to the north of 28°S, indicate warmer conditions. Anomalocardia and other 'Brazilian' (warm water) taxa have also been recorded in Pleistocene and Holocene deposits of Uruguay and Argentina (up to 38°S), and this has been regarded as having been caused by stronger southwards influence of the Brazil Current (BC) (Martínez et al. 2006 , Aguirre et al. 2011 . If the specimens identified as Corbula cf. dietziana were to be confirmed as such, it will also be linked to paleoenvironmental conditions, because this taxon is not found living to the south of ~20°S today (Rios 2009).
The oceanographic conditions in the southwestern Atlantic Ocean (up to ~41°S) today are under the direct influence of the warm BC, which constitutes the southern branch of the warm South Equatorial Current, and the cold Malvinas Current (MC) which branches from the Antarctic Circumpolar Current (ACC) and has been reaching southern Brazil since the Pliocene (Coimbra et al. 2009 ); the confluence between both currents forms the Brazil-Malvinas Convergence (BMC). The southwards influence of the BC and associated coastal water masses is controlled mostly by two seasonal processes: one is the shift of the intertropical convergence zone (ITCZ) to the south of the equator during austral summer (Emílsson 1960 , Johns et al. 1998 , the other is the intensification of the ACC (and consequently northwards displacement of the MC) during austral winter (Matano et al. 1993 , Wainer et al. 2000 .
It is likely that in geological timescales the precession-driven cyclic variations of insolation in the Southern Hemisphere also control the latitudinal displacement of the ITCZ, and consequently the range and intensity of the BC. Conditions of stronger southwards influence of the BC in the Late Pleistocene and Holocene are correlated to the insolation-driven southwards shift of the ITCZ (McIntyre et al. 1989 , Toledo et al. 2008 . Around 235 ka BP the insolation in Southern Hemisphere reached higher values than those seen today (Figure 7d ), therefore it is likely that the BC was also stronger during this time; moreover, the low obliquity values at that time implies in less seasonal temperature variations. The association between these parameters may have contributed to the warming of SW Atlantic.
On the other hand, temperature changes in the Atlantic sector of the Southern Ocean could also have contributed to general warmer oceanographic conditions in southern Brazil. Warmer than present temperatures (hypsithermals) characterize the early phases of interglacial stages and are followed by cooling (neoglacial) phases (Emiliani 1972 , Hodell et al. 2000 . Hypsithermal conditions in the Southern Ocean, with summer sea surface temperatures (SSSTs, Figure 7b ) 1-5 °C warmer than today, were recorded for the isotopic events 7.5, 7.1, 5.5, and the early Holocene, as indicated by paleotemperature reconstructions from planktonic foraminifera and by the absence of ice-rafted debris, which indicates retreatment of sea ice around Antarctica Gersonde 2002, 2003) . Warmer atmospheric temperatures in Antarctica at these intervals were also inferred from Deuterium and CO 2 concentrations found in Vostok ice cores (Petit et al. 1999, Figure 7c ).This increase in atmospheric CO 2 and warming of the Southern Ocean were linked to changes in local atmospheric circulation and increase in wind-driven upwelling around Antarctica during glacial terminations, which would bring CO 2 -rich deep waters to the surface and result in general warming of the atmosphere and water masses around Antarctica (Anderson et al. 2009 ).
The ~2 °C warming recorded during MIS 7.5 in the Southern Ocean was characterized by a polewards migration of the BMC, also indicated by reduction in ice-rafted debris from deep sea cores (Becquey and Gersonde 2002 , Kanfoush et al. 2002 . The reduction in sea ice cover around Antarctica during the Holocene hypsithermal (~10 to 5 ka BP) indicated polewards retreatment of the circumpolar water fronts and air masses at that time (Domack et al. 2001 , Hodell et al. 2001 , Lamy et al. 2002 , and the same probably occurred also during past hypsithermals. The warming of the Southern Ocean, and consequently of the MC, would have reduced the seasonal temperature variations along the coast of southeastern South America, resulting in milder conditions that allowed for the southwards shift of marine faunas during the MIS 7e highstand. SEA-LEVEL HIGHSTAND DURING MIS7 IN SOUTHERN BRAZIL Besides those found in Barrier II, marine mollusks that live in warmer waters have also been recorded in deposits correlated to the Holocene highstand of ~5-6 ka BP and located some 3 meters a.s.l. (Caron 2007) . This period has also been considered as an hypsithermal, based on the presence of Holocene beach rocks in the Brazilian and Argentinean coasts; large accumulations of molluscan remains found in the Todos os Santos Bay and in the Araruama Lagoon in northeastern and southeastern Brazilian coasts, respectively, are interpreted as episodes of increased biological productivity (Suguio 2001) . The presence of vermetids found some 2 meters a.s.l. and dated as of ~5.4 ka BP in Laguna and Imbituba (~28°S) also indicate warmer conditions, because these organisms do not live to the south of 22°S today (Angulo et al. 1999) . Although paleoclimatic indicators have not yet been found in deposits correlated to MIS 5 (~125 ka BP), it is possible that the highstands recorded in the Brazilian coast were characterized by warmer oceanographic conditions, consistent with warming of the Southern Ocean during the early interglacials.
The marine-terrestrial transition represented in the sedimentary record exposed along the banks was gradual, represented either by aeolian sediments/ paleosoils just above the marine sediments, or by the Type 1 fluvial facies. The presence of fluvial systems at the marine-terrestrial transition could be related to paleoclimatic conditions, i.e, high precipitation regimes that would result in increased fluvial discharge and sedimentary input. Precipitation in southern Brazil is basically controlled by two seasonal processes: the South America summer monsoon (SASM), that brings tropical moisture from Amazonia through a low-level jet (LLJ), and the winter precipitation of extratropical origin, controlled by the northwards displacement and enhancement of the polar fronts. The amount of precipitation is higher during winter than during summer, and the same pattern also operates in orbital timescales, because the interplay between tropical/extratropical precipitation is controlled by the precessional 23-ka cyclic oscillations of insolation. Increased precipitation is observed during periods of low summer insolation in the Southern Hemisphere, due to higher northwards influence of the polar fronts. Conversely, intervals of high summer insolation, when precipitation is mostly of tropical origin, tend to be less humid in southern Brazil (Cruz et al. 2005 (Cruz et al. , 2009 .
Because Barrier II was formed, all fluvial discharge from the continent is trapped by the Mirim Lake, and does not reach the shoreline (see Figure 1 ). Considering that Chuí Creek is located seawards of the barrier, the only discharges that could contribute to coastal sedimentation during the marine highstand would have been washouts and streams of pluvial origin formed on this side of the barrier. Today, this mechanism is the only source of sediment transport from the backbarrier to the shoreface in most of the coast of the state of Rio Grande do Sul state, and it is more expressive during winter because of the higher amount of precipitation during this season Calliari 2005, Figueiredo et al. 2007) . Considering that in orbital timescales the precipitation in southern Brazil is driven by precessional variations of insolation (Cruz et al. 2005 (Cruz et al. , 2009 , it is likely that periods of lower insolation in the past were marked by increased amount and volume of washouts and consequently of higher terrigenous sedimentary input to the shoreline. The 226 ka-old tooth and the mud intraclasts found in the Type 1 fluvial facies (Figure 3 ) represent input of terrigenous sediments.
The insolation in southern Brazil was much lower than what is today between 235 and 214 ka BP, due to a combination of low precessional and high eccentricity values (Figure 7d , e), indicating increased precipitation; obliquity was also high at that time (Figure 7f ), therefore the climate was characterized by increased seasonality. The Type 1 (concordant) fluvial facies represented in the sedimentary record exposed along Chuí Creek at the marine-terrestrial transition seems consistent with positive sediment budget, possibly representing material eroded from the nearby aeolian facies of the barrier due to increased pluviosity and discharge into the shoreline through washouts. For comparison, conditions of low insolation, high eccentricity and probably high precipitation rates are also observed around 173 ka BP ( Figure  7d) , which seems consistent with increased fluvial activity represented by the Type 2 (erosive) fluvial facies dated by TL ( Figure 5 ).
CORRELATIONS
The Holocene transgression, also called Santos (or Last) Transgression is well-represented along the Brazilian coast by several deposits with good altimetric control and absolute ages which show that the maximum amplitude of some 4±1 meters a.s.l. was reached between 6 and 5 ka BP (Suguio et al. 1985 , Angulo et al. 1999 , 2006 , Martin et al. 2003 , Caron 2007 , Dillenburg et al. 2009 ). There are relatively few Pleistocene deposits with wellestablished chronostratigraphic setting; most of the data are from deposits correlated to the ~125 ka BP transgression, also called Cananeia or Penultimate Transgression. In southeastern Brazil (state of São Paulo) the Cananeia Formation is well-constrained by several absolute TL ages , Watanabe et al. 2003 , while in northeastern Brazil (state of Bahia), Martin et al. (1982) identified this transgressive event on the basis of Io/U datings on corals. The Touros Formation that outcrops along the coast of state of Rio Grande do Norte, provided luminescence ages of 117-110 thousand years (Barreto et al. 2002) , consistent with the ~110 ka BP age obtained for the Barrier System III of Rio Grande do Sul (Buchmann and Tomazelli 2003) . Other marine terraces found along the coasts of the states of Bahia, Sergipe and Alagoas were tentatively correlated to this transgressive event (Bittencourt et al. 1979 (Bittencourt et al. , 1983 , but without absolute ages.
Besides the Barrier System II in Rio Grande do Sul, the only other unit recognized as representing the MIS 7 transgressive event on the basis of absolute ages are the aforementioned deposits from northeastern Brazil dated by Barreto et al. (2002) and Suguio et al. (2011) that belong to the Barra de Tabatinga Formation, and provided TL and OSL ages between 215 and 220 ka (MIS 7c).
The presence of deposits formed during the MIS 7 in southern and northeastern Brazil (about 4.000 km apart from each other) indicate that other deposits correlated to this marine highstand are likely to be found in other areas along the coast. Several marine terraces found along the coasts of Sergipe, Bahia, São Paulo, Paraná and Santa Catarina, considered as evidences of the "Older Transgression", could possibly indicate the MIS 7 highstand, but conclusive correlation depends on absolute ages (Figure 8 ). 
CONCLUSIONS
The portion of the shallow marine sequence exposed along Chuí Creek represents the uppermost portion of the highstand systems tract of Barrier System II, and is the first good direct evidence of a sea-level highstand older than MIS 5 recorded in southern Brazil. The TL and ESR ages, and the stratigraphic sequence along Chuí Creek indicate that this sea level highstand is correlated to MIS 7 (more precisely, with substage 7e), it also indicates that SEA-LEVEL HIGHSTAND DURING MIS7 IN SOUTHERN BRAZIL it had its maximum around 220-230 ka BP and retreated before 214 ka BP. Although the timing of the highstand is consistent with other records of MIS 7e, the amplitude of about 10 meters is much larger than other records worldwide; despite the fact that the southern Brazilian coast is considered tectonically stable, this could indicate the influence of tectonic processes operating on continental scales, i.e. uplifting of the eastern South American plate. Variations in altitudes between Pleistocene and Holocene deposits along the southeastern and northeastern portions of the Brazilian coast are related to local neotectonics, but further research is needed in order to evaluate whether the amplitude of the MIS 7 highstand in southern Brazil was influenced by such processes.
The presence within the shallow marine facies of molluscan species that today live only to the north of the state of Rio Grande do Sul state indicates warmer oceanographic conditions during this highstand, possibly related to an association between the orbitally-driven increased southwards influence of the Brazil Current, the warming of the Atlantic sector of Southern Ocean during the hypsithermal phase (isotopic event 7.5) of MIS 7e and the consequent weakening of the Malvinas Current.
The sedimentary record exposed along Chuí Creek indicates that the marine-terrestrial transition was gradual and occurred around 220 ka BP. This transition coincided with a period of low Southern Hemisphere insolation and probably high pluviosity, which would have resulted in high input of terrigenous sediments through washouts and increased fluvial activity.
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